ABSTRACT: Recent studies of connectivity in marine populations have suggested that larval retention and local recruitment are more common than previously considered. Here we used genetic data to investigate the scale of connectivity and patterns of recruitment in the abalone Haliotis coccoradiata, a broadcast spawner with a short larval stage. Although we detected weak but significant genetic differentiation (F ST ) between populations over a scale of approximately 1000 km, the pattern did not fit an isolation-by-distance (IBD) model, suggesting relatively long dispersal distances. However, individual-based multilocus spatial autocorrelation identified fine-scale genetic structure within a range of 20 km, suggesting short distance dispersal and local recruitment. Simple computer simulations in which all dispersal was restricted to within this scale (mean 10 km) suggested that a significant IBD result would most likely be generated under such a dispersal scenario. The lack of a significant IBD suggests infrequent long-distance dispersal is also likely and this is further supported by oceanographic particle dispersal modelling, which shows that larvae could be transported over large distances by ocean currents. Our results suggest that recruitment occurs primarily over a small spatial scale in a species that also has the ability to disperse over considerably greater distances.
INTRODUCTION
Accurately assessing dispersal in the marine environment is essential for understanding local population dynamics and the spatial scale of genetic population structure. Gene flow and population structure in sedentary or sessile marine species are largely dependent on the dispersal ability of larvae (Palumbi 2003 , Banks et al. 2007 ). Dispersal capability is influenced by larval life history (Bell & Okamura 2005) and behaviour (e.g. larval swimming) (Palumbi 2003) , ocean currents (Palumbi 1994 ) and the ecological requirements of a species (e.g. food availability) (Shepherd & Laws 1974) . For species with long-lived pelagic larvae, it might be expected that the oceanic environment will encourage long-distance dispersal and low genetic structure (Palumbi 2003) . However, mounting evidence suggests that long-distance dispersal may be rarer than expected (Palumbi 2003) . Recent studies have shown that local recruitment or larval retention is quite common, even for species with long-lived larvae (Hellberg et al. 2002) . Therefore, relying on larval life histories to predict dispersal may not provide an accurate interpretation of larval dispersal distances (Bell & Okamura 2005) . In this regard, classifying species as being long-or short-distance dispersers or as having closed or open populations may in reality be simplifying a more complex underlying population structure (Kinlan et al. 2005) .
Assessing dispersal in the marine environment is important for sustainable management of marine resources and design of marine reserves (Palumbi 2003) . The observation that larval retention and local recruitment is more common than previously expected has consequences for fisheries management and reserve design. Although larval retention reduces the dependence on immigration from other populations for recruitment, it may also reduce the potential for recolonisation of areas subjected to overfishing (Prince et al. 1987) . Evidence for local recruitment in the marine environment has come from a variety of sources, including ecological studies (Swearer et al. 1999 , Sponaugle et al. 2005 , genetic differentiation among local populations (Jones et al. 2005 , Chambers et al. 2006 , spatial autocorrelation showing spatial clustering of genotypically similar individuals (Underwood et al. 2007 ) and particle dispersal simulation studies (Stephens et al. 2006) .
In this study we measure genetic structure at a range of scales to infer the degree of connectivity among populations of the abalone Haliotis coccoradiata along the New South Wales coast of Australia. Abalones are dioecious broadcast spawners with pelagic non-feeding larvae (McShane 1992) . The short larval period (3 to 15 d), short reproductive window and limited adult movement reported for Haliotis spp. suggest limited dispersal capability (McShane 1992 , Chambers et al. 2006 ). In addition, abalone are reported to settle exclusively on coralline algae (Shepherd & Turner 1985) , as chemicals available only on the surfaces of coralline algae have induced settlement and metamorphosis of abalone in the laboratory (Morse & Morse1984) .
Ecological and hydronamic studies of a closely related species, Haliotis rubra, have shown low dispersal of the planktonic larvae and recruitment on a local scale (Prince et al. 1987 , McShane et al. 1988 . A recent genetic study by Temby et al. (2007) also found that dispersal of H. rubra larvae is highly localized. This appears to contradict laboratory trials with H. rubra and larval biology studies of other haliotid species that suggest longer dispersal capabilities (McShane 1992 , Roberts & Lapworth 2001 . Connectivity among populations is also likely to be influenced by other factors, such as local ocean current patterns. We sampled throughout the species' distribution (~1000 km) and assessed genetic structure using methods based on allele frequency differentiation (F ST ) and multilocus genotypic arrays (spatial autocorrelation). The latter may be more sensitive to contemporary patterns of local scale dispersal, while F ST -based analyses may better estimate longer-term patterns over large scales.
MATERIALS AND METHODS

Sampling.
A total of 226 Haliotis coccoradiata were collected from under boulders on sub-tidal rocky reefs from 11 locations extending from northern to southern New South Wales, Australia (Fig. 1, Table 1 ). At each site, abalone were sampled by divers on SCUBA or snorkel within a ~50 to 100 m radius. The most southerly and northerly sampling localities are approximately 1000 km apart, a sampling regime that effectively covers the distribution of the species (Edgar 2000) . This species was scarcer in the northern part of its range due to less suitable rocky reef habitat. We attempted to sample at 3 locations north of the South West Rocks sites (towards Byron Bay, 28.61°S, 153.63°E), but were only able to collect 2 individuals, which were not included in the analysis. Distances between sampling sites ranged from 8 to 1000 km. A small tissue sample was taken from the foot of each individual and the animals were returned to the reef habitat whenever possible. Samples were stored in 100% ethanol.
DNA extraction and microsatellite genotyping. DNA extraction of Haliotis coccoradiata tissue was carried out using a modified 'salting out' method (Sunnucks & Hales 1996) . We screened 24 microsatellite loci previously developed for H. rubra (Evans et al. 2000 , Baranski et al. 2006 ) using polymerase chain reactions (PCRs). PCRs contained 1 µl of DNA, 200 µM of dGTP, dTTP and dCTP and 20 µM of dATP, 2.5 mM MgCl 2 , 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 5 pmol of each primer, 0.1% Triton X-100, 0.05 µl [
33 P]-dATP at 1000 Ci mmol -1 and 0.5 units of Taq DNA polymerase, in a total volume of 10 µl. Reaction conditions included initial denaturation at 95°C for 5 min, denaturation at 95°C for 30 s, annealing for 30 s, extension at 72°C for 45 s for 30 cycles and a final extension step at 72°C for Fig. 1 . Haliotis coccoradiata. Sampling sites and sample sizes along the east coast of New South Wales (see Table 1 for the full names and coordinates of sites). Grey arrow:
East Australian Current 5 min for all PCRs. Annealing temperatures are given in Table 2 . PCR products were electrophoresed through a 6% polyacrylamide sequencing gel and visualized by autoradiography. Allele sizes were scored against an A-or T-terminating M13 control sequencing reaction size marker. As homozygote excesses and null alleles are common in marine invertebrate studies, in particular for Haliotis abalones (Chambers et al. 2006 ), we used MICRO-CHECKER 2.2.3 software (Shipley 2003) to check for evidence of null alleles in our microsatellite data following the approach of Brookfield (1996) . Genetic variation. Allele frequencies, the number of alleles per locus (Na), expected (H E ) and observed heterozygosity (H O ) were calculated for each population using the program GENEPOP 3.4 (Raymond & Rousset 2003) . Multilocus F IS was also calculated for each population using GENEPOP 3.4, then tested by permutation using Weir & Cockerham (1984) estimator. To test for conformance to Hardy-Weinberg expectations (HWE) we used GENEPOP 3.4, employing the Markov chain method of Guo & Thompson (1992) at each combination of locus and population. Multilocus genotypes were tested for linkage disequilibrium (option 2), using GENEPOP 3.4 (Raymond & Rousset 2003) . Genotypes for each pair of loci were tested for independence in each population using a contingency test and significance values were calculated using Fisher's exact test.
Analyses of population genetic differentiation. An analysis of molecular variance (AMOVA) was carried out using ARLEQUIN 2.0 (Schneider et al. 2000) to determine the proportion of genetic differentiation distributed among the 11 populations. We jackknifed over loci by removing 1 locus at a time to determine if significance patterns were driven by outlier loci. Genetic differentiation (F ST ) between each pair of populations was calculated based on the estimator θ (Weir & Cockerham 1984) and significance was determined with 10 000 permutations.
An isolation-by-distance (IBD) model has been suggested as appropriate for investigating marine dispersal (Palumbi 2003) . To assess whether there is a statistically significant association between genetic differentiation and geographic distance of the 11 populations we used the IBD option in GENEPOP 3.4 (Raymond & Rousset 2003) to test the significance of the relationship between F ST and geographic distance among populations. For geographical distances, we calculated the shortest distance in the marine environment without crossing land between all pairs of sampling sites. Significance of the IBD pattern was tested on 10 000 permutations of the data.
Multilocus spatial autocorrelation analysis. We conducted multilocus spatial autocorrelation analysis using GenAlEx version 6 (Peakall & Smouse 2006 ). An autocorrelation coefficient (r) was calculated for separate distance classes based on pairwise geographic and genetic distance matrices to provide a measure of spatial clustering of genotypically similar individuals (Smouse & Peakall 1999) . We conducted a single spatial autocorrelation analysis over all sites and samples, calculating r among individuals sampled at the same locality (0 km) and separated by distances binned between the following intervals: 20, 40, 80, 100, 200, 400, 600, 800 and 1000 km. This analysis was jackknifed over loci to determine whether the overall pattern of spatial autocorrelation was driven by specific outlier loci.
Computer simulations. We used computer simulations to assist with our interpretation of the biological processes that generate the detected patterns of genetic structure. As shown in our results, genotypic spatial autocorrelation analyses identified short scale genetic structure suggestive of local recruitment. However, large-scale genetic differentiation was weak 129 and did not follow an IBD pattern suggestive of longdistance dispersal. We used simple computer simulations to estimate whether the large-scale pattern of no IBD could persist if dispersal were restricted to the scale over which we identified positive genotypic spatial autocorrelation. We used EASYPOP (Balloux 2001) to generate the synthetic data sets with 5 different migration rates. A spatial model with 56 subpopulations in a linear arrangement was simulated. The populations consisted of 100 individuals (50 males and 50 females) and were spread at equal intervals over a 1000 km range. Random mating was simulated for each generation to produce a diploid genotype for each individual. For each parameter set, we simulated 5 loci with the same mutation dynamics: a mixed model of single step mutations with 0.5% of mutation events following an infinite allele model (Di Rienzo et al. 1994 ). The mutation rate was set at 0.005 (Jarne & Lagoda 1996) and the maximum number of alleles was set at 15, similar to the genetic diversity in our data set. The genetic variability of the initial population was set at maximal, where genotypes are randomly assigned from all possible allelic states. The mean dispersal distance was the same for males and females (10 km). Five different migration rates (i.e. the proportion of migrants, 0.01, 0.05, 0.1, 0.25 and 0.5) were tested. We ran each replicate for 1000 generations and then collected the genetic data for 30 individuals (15 males and 15 females) from the populations that corresponded to our 11 'real' sampling sites. Equal sex ratios and random mating may be unrealistic assumptions, but simulated sub-populations of only 100 individuals may represent much larger populations with small effective-to-actual population-size ratios. This is consistent with evidence of a low ratio of effective-to-actual population size in high-fecundity broadcast-spawning taxa as a result of high reproductive variance (Flowers et al. 2002) . We analysed 50 replicates for each parameter set, using the IBD option in GENEPOP 3.4 (Raymond & Rousset 2003) to assess whether there is a statistically significant association between genetic similarity and geographic distance, and calculated the percentage of replicates that gave a significant IBD p-value.
Particle dispersal modelling. We used the Australian Connectivity Interface (Aus-ConnIe) (Condie et al. 2005 ) (available from www.per.marine.csiro.au/ aus-connie) to estimate the dispersal distances possible for particles with a planktonic duration similar to Haliotis coccoradiata larvae. Aus-ConnIe provides an estimate of the probability that any 2 regions of the upper water column are connected over a specified dispersion period based on estimated ocean currents along the east coast of Australia, excluding local influences such as tides (Condie et al. 2005) . Therefore this estimate represents the maximum dispersal distance that is likely to be achieved by this species. The AusConnIe database does not incorporate near-shore current processes, such as local eddies, or larval behaviour, such as vertical swimming. Therefore the predictions were simply used to provide an estimated upper limit for the potential dispersal scale of the species. We used an estimated dispersion period of 10 d, as laboratory trials of settlement competency for H. rubra have inferred a dispersal phase of 3 to 15 d (McShane 1992) , and determined the maximum dispersal likelihood along the New South Wales coast for 3 different locations from the north to the south (South West Rocks, Sydney Port Jackson and Jervis Bay). Dispersal probabilities were calculated for the months of November, January and March for the 3 populations -assuming peak reproductive behaviour at the beginning and end of summer (Ault 1985 , McShane 1992 -and this was carried out over the 5 yr period on the interface (1995 to 1999).
RESULTS
Number of DNA markers
From the panel of 24 microsatellite loci originally developed for Haliotis rubra (Evans et al. 2000 , Baranski et al. 2006 , we found 5 markers to be polymorphic and easily scoreable: Hr12B10, Hr9B05, Hr10G10, Hr13F06, and Hr11A10 (Baranski et al. 2006) . Of the remaining loci, 6 were polymorphic but difficult to score: Hr7G05, Hr10E02, Hr1D03 (Baranski et al. 2006), Hr2.14, Hr2.36, and Hr2.9 (Evans et al. 2000) ; 3 were monomorphic: Hr16G08, Hr4H11, and Hr1.11 (Baranski et al. 2006) ; and 10 failed to amplify or produce scoreable bands: Hr9E04, Hr2G01, Hr16G01, Hr2B01, Hr9G01 (Baranski et al. 2006), Hr1.25, Hr2.30, Hr1.24, Hr2.26, and Hr1.14 (Evans et al. 2000) . The relatively extensive effort in marker screening conducted in our study exemplifies the difficulties in obtaining a large set of usable microsatellite DNA markers for some marine invertebrates and in particular for Haliotis abalones. This is corroborated by a recent genetic study of H. rubra in which only 3 species-specific microsatellite loci that were unlikely to have null alleles were considered appropriate for use (Temby et al. 2007 ).
Genetic variation
Fifteen out of 55 population-locus combinations deviated from HWE, and all 11 populations deviated from HWE and showed significant homozygote ex-cesses for Hr13F06 (p < 0.001) (Appendix 1). There were missing genotypes when scoring locus Hr13F06 in 18 samples in 5 populations: Sydney Botany Bay (SYBB, N = 6), Port Stephens (PS, N = 5), Merimbula (MW, N = 3), Sydney Port Jackson (SYPJ, N = 3) and Narooma (NA, N = 1). This suggests the presence of null alleles. This was confirmed using MICRO-CHECKER 2.2.3 which detected a significant proportion of null alleles (p < 0.001) in all populations for locus Hr13F06. Therefore, analyses were conducted including and excluding Hr13F06. Seven locus pairs showed significant evidence of linkage disequilibrium, but this was not consistent for any particular locus or population.
Analyses of population genetic differentiation
A multilocus AMOVA revealed weak but significant population subdivision with 5 loci (including Hr13F06: θ = 0.009, p < 0.001) and 4 loci (excluding Hr13F06: θ = 0.009, p < 0.001) ( Table 3) . Jackknifing over loci also showed the AMOVA pattern to be consistent and therefore not driven by outlier loci. Eleven out of a total of 55 pairwise F ST were significant with either 4 or 5 loci, with MW and South West Rocks Fish Rock (SWFR) having 4 and 6 significant pairwise comparisons, respectively (Table 4 ). There was no significant correlation between θ and geographic distance with 4 loci (p = 0.688) or 5 loci (p = 0.205). As a comparison, we also pooled pairs of populations with small sample sizes (N < 15) that were located less than 10 km apart. This involved 2 pairs of populations: Eden Leonard Island (EDLI) and Eden Ross Bay (EDRB), and SWFR and South West Rocks Trial Bay (SWTB). Pooling of small sample size populations also resulted in a nonsignificant IBD result (5 loci: p = 0.392, 4 loci excluding Hr13F06: p = 0.270) and a weak but significant AMOVA result (5 loci: θ = 0.012, p < 0.001, 4 loci, excluding Hr13F06: θ = 0.010, p < 0.001).
Multilocus spatial autocorrelation analysis
The spatial autocorrelation analysis was carried out using 4 microsatellite loci due to the missing genotypes in some of the populations at locus Hr13F06. We detected significant positive spatial autocorrelation for individuals within the same population (p = 0.003) and up to 20 km apart (p = 0.016, Fig. 2 ). Therefore pairs of individuals within this spatial scale are more genetically similar than random. The autocorrelation signal then becomes significantly negative at 80 and 100 km. If spatial autocorrelation is positive at some distances, it must be negative at others (Smouse & Peakall 1999) . Oscillations between low and high autocorrelation after 80 km suggest the pattern becomes fairly random at greater distances. When this analysis was jackknifed over loci, the same pattern of significant positive spatial autocorrelation for individuals within the same population and up to 20 km apart was detected when loci Hr11a10, Hr12b10 and Hr10b10 were individually excluded. When locus Hr9b05 was excluded there was significant positive spatial autocorrelation only for individuals within the same population. 
Computer simulations
Our spatial autocorrelation results are suggestive of short-distance dispersal and local recruitment. However, the computer simulations we used in which all dispersal was restricted to within this scale (mean 10 km) suggested that significant IBD would most likely be generated under such a dispersal scenario. When the proportion of dispersers was only 0.01, ~50% of simulations yielded a significant IBD pattern over the scale of the study. At higher migration rates (0.05 to 0.5), a significant IBD pattern was observed in 100% of replicates.
Particle dispersal modelling
Particle dispersal modelling suggests larvae could be transported over large distances by ocean currents. There was variation in the possible particle dispersal distances within and between the 3 locations, ranging from an overall mean distance of 176.84 km at Sydney to 353.67 km at South West Rocks for the period 1995 to 1999 (Table 5) .
DISCUSSION
In this study we detected weak but significant genetic differentiation (θ) over a large scale (~1000 km), as well as fine-scale multilocus spatial autocorrelation (~20 km) in Haliotis coccoradiata, a broadcast spawning marine mollusc with pelagic larvae. Positive local spatial autocorrelation has been associated with restricted dispersal and can indicate local recruitment (Underwood et al. 2007 ). Therefore, our finding of significant positive spatial autocorrelation within 20 km may be indicative of a certain proportion of dispersal events being restricted to this scale. This conclusion is consistent with ecological, behavioural and genetic studies on other Haliotis species (Prince et al. 1987 , McShane et al. 1988 , Chambers et al. 2006 , Temby et al. 2007 .
Although weak but significant genetic differentiation was detected over the sampled range of the species, there was no evidence of an IBD relationship. The level of differentiation among the populations was θ = 0.012, lower than F ST values detected in other studies of molluscs (e.g. 0.067 in Evans et al. 2004; 0.06 in Chambers et al. 2006) . A non-significant IBD pattern (Palumbi 2003) and low F ST may be interpreted as resulting from long distance dispersal by Haliotis coccoradiata. Indeed, oceanographic modelling of particle dispersal suggested that if local larval retention is not facilitated by processes such as larval swimming behaviour or coastal disruptions to ocean current patterns, H. coccoradiata has the potential to disperse over several hundred kilometers along the south east coast of Australia. While this may be an extreme upper limit to the dispersal potential of this species, our results from the genetic differentiation analyses were inconsistent with a simple simulated model of dispersal restricted to a local scale. Therefore, while the multilocus spatial autocorrelation results are indicative of some degree of larval retention and recruitment within a 20 km scale, our findings on large-scale patterns of genetic differentiation suggest that a certain proportion of dispersal events occur over larger distances.
In some studies, fine-scale genetic structure in marine invertebrates has been identified as a pattern of random 'patchiness' (Johnson & Black 1984 , Johnson & Wernham 1999 , Banks et al. 2007 ). Spatial variation in allele frequencies as a result of temporal genetic differences among cohorts of larval recruits, together with patchy settlement, can cause fine scale genetic differentiation among adults (Johnson & Black 1984 , Johnson & Wernham 1999 . This mechanism may generate fine-scale structure in the absence of restricted dispersal. However, we believe it is unlikely that this is the explanation for Ecological and behavioural studies on abalone suggest local larval retention occurs and supports our conclusion of restricted dispersal and local recruitment in Haliotis coccoradiata (McShane et al. 1988 , Chambers et al. 2006 . Larvae of many species can move vertically in the water column and may be able to take advantage of local currents and tides (Cowen et al. 2000 , Bilton et al. 2002 . As discussed by Queiroga & Blanton (2004) , larval behaviour is an important influence on dispersal, as vertical migration in the water column in response to marine physical processes can result in different temporal and spatial scales of dispersal. McShane et al. (1988) suggest that settlement of H. rubra larvae would be most successful if the larvae remained on the parental reef. In addition, high recruitment of abalone larvae was observed in sheltered habitat (large boulders, kelp forests and weak currents). Adults may assist in local settlement of larvae by spawning in calm conditions or in areas with sheltered habitat (McShane et al. 1988 ). In addition to biological and ecological factors, local ocean currents and coastal topography may also play an important role in local recruitment of H. coccoradiata. Other studies have shown that water currents as well as coastal topography can result in larvae remaining longer in some regions than others which may promote larval retention (McShane et al. 1988 , Banks et al. 2007 . O 'Connor et al. (2007) modeled the effects of temperature on larval development on a range of marine taxa and found that water temperature is also likely to have a striking effect on the dispersal distance of marine larvae. The temperature difference between the southernmost (Eden) and northernmost (South-West Rocks) sampling sites is approximately 5°C during the months of reproduction; thus it is possible that the warmer temperatures in the northern part of the species' range may result in less dispersal in the north compared to the south. However, the influence of temperature was difficult for us to assess given the difficulties in finding northern sampling sites due to the lower incidence of rocky reef habitat compared to the south.
CONCLUSIONS
We identified fine scale genetic structure consistent with some degree of local larval retention in a species with the ability to disperse over considerably greater distances. While our sampling and genetic data do not enable us to estimate precise dispersal distributions, it is likely that the interaction between large-scale ocean current patterns, their disruption by nearshore coastal and benthic topography, and larval behaviour results in complex dispersal distributions that are not easily estimated by large-scale patterns of population genetic differentiation. Despite our small sample sizes, our results were corroborated by different analyses and significance patterns were supported after jackknifing over loci, which suggests our results were not driven by outlier loci. Although Haliotis coccoradiata is not a commercial abalone species, we can infer from our findings some local recruitment for other abalone, such as H. rubra, which may be subject to over-fishing. As discussed by Temby et al. (2007) , removal of adults from an area may result in a reduction in recruitment to an area and cause a local population collapse. Therefore, in addition to relying on marine reserves and marine protected areas for conserving such species, it is important that fisheries managers incorporate this type of data into fisheries management plans (Temby et al. 2007 ). Table 5 . Dispersal distances (km) for particles with a planktonic duration of 10 d -similar to the estimated planktonic duration for Haliotis coccoradiata larvae -for 3 different locations along the new South Wales coast over the 5 yr period on the Aus-ConnIe (Condie et al. 2005 (Condie et al. ) interface (1995 (Condie et al. -1999 
